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CrN/Si3N4We investigated themechanical and physicochemical properties of CrN/Si3N4multilayered coatings in the bilayer
period interval from 2 to 10nm, produced by depositing the thin ﬁlmmultilayer structure by reactive sputtering
at 300 °C, a temperature superior to those used in previously reported works on this speciﬁc structure. This
resulted in an appreciable increase in hardness for a bilayer period around 4 nm, as well as a corresponding
increase in the resistance to plastic deformation of the coating for bilayer periods around 4 to 6 nm. Various
physicochemical characterization techniques used here indicated that the individual CrN and Si3N4 layers were
stoichiometric and the interfaces of the multilayer structures were abrupt. The Si3N4 layers were amorphous
while the CrN ones were polycrystalline. Furthermore, Si was mainly bonded to N as Si3N4, whereas Cr was
bonded as CrN and chromium oxides.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Protective hard coatings for engineering components and tools based
on thin metal nitrides and carbide ﬁlms are of current use in different
applications. Starting from TiN, the materials investigated and used for
coating included several others, such as Cr, V, Zr, W, Nb, Al–Ti nitrides
and carbide ﬁlms [1–4]. Hardness can be signiﬁcantly increased, as
well as wear, friction and corrosion can be signiﬁcantly reduced by the
adequate choice of coating material. One must not forget here the use
of coated metals and polymers in applications where biocompatibility
is needed.
A multilayer thin ﬁlm design can increase even further the hardness
of the coatings, leading in some cases to superhardness (above 40GPa).
The hardness enhancement depends on the nature of the components
of the individual layers, the sub-micron structure, interface width,
bilayer period, and the formation mechanisms of the multilayered
coating [5–10].
Based on early results obtained for classical multilayer coatings,
it was found that a signiﬁcant reduction of both the thickness of the
individual layers and of the crystallite sizes of the layer materials
(down to a few nanometers) can result in a drastic enhancement of
the thin ﬁlm properties. In the easiest model, the structure can be
described as an alternating layer-by-layer arrangement of two single-
phase materials with remarkably small individual layer thickness
(in the range of two to one hundred nanometers).
Besides of the properties of the individual layer materials, the grain
boundaries and interfaces play an important role for the overall coating55 54 32182253.
ghts reserved.properties with regard to the nanoscale architecture of the coatings
[11–13]. A crack starting from the coating surface may be split and
deﬂected at the grain or phase boundaries within a layer (grain
boundary toughening or hardening) or at the interface zone between
the layers (interface toughening or hardening). Hardness enhancement
in crystalline superlattice structures is explained by thewidely accepted
concept of blocking of dislocation motion at the layer interfaces due
to differences in the shear moduli of the individual layer materials
and by coherency strain causing periodical strain–stress ﬁelds in the
case of lattice-mismatched multilayer ﬁlms [14]. In many material
combinations, the evolution of the hardness as a function of the bilayer
modulation period shows a characteristic behavior for all these coatings,
with maxima hardness typically obtained for bilayer thickness period
(Λ) values between 2 and 10nm [10,14].
When one of the two individual layers has an amorphous structure,
the usual columnar growth route for the multilayer in PVD coatings is
interrupted or even suppressed [15–17]. The columnar grain boundaries
often act as sites for crack initiation resulting in failure of the coating.
One example of superhardness in crystalline/amorphous multilayers is
the TiN/SiNx system [18]. There are also several reports on tribological
properties improvements in this family of coatings.
CrN ﬁlms deposited by PVD techniques exhibit a potential for
practical application in industry [19], especially concerning protection
against high temperature oxidation, corrosion and wear resistance,
as well as superior adherence to steel when compared to TiN ﬁlms.
On the other hand, Si3N4 is a material with high hardness as well
as superior thermal and chemical stability and corrosion and high
temperature oxidation resistance [20]. They are both widely used as
protective coatings. In addition, Si3N4 ﬁlms have maximum hardness
for substrate temperatures during deposition (hereafter called simply
171T.P. Soares et al. / Surface & Coatings Technology 237 (2013) 170–175deposition temperature) around 300°C, being amorphous for deposition
temperatures up to around 400 °C. CrN ﬁlms, on their turn, presented
[21–25] maximum hardness and adhesion to steel for deposition
temperatures between 300 and 900 °C, being polycrystalline in all
deposition temperature range.
Thus, the CrN/Si3N4 multilayer system is a natural one to inspect, in
the search for combined, synergic action of the individual thin ﬁlm
properties. Nevertheless, it has been the subject of fewer investigations
[26–30]. We could ﬁnd two previous reports in the literature in which
an increase in hardness was observed. The increase of the deposition
temperature was seen [26] to increase the hardness, while a thickness
ratio of 1/1 gave a higher hardness than any other. However, no
inﬂuence of the bilayer period (Λ) was observed by these authors. In
another publication [28], the multilayered coating hardness increased
for Λ around 5 nm, but not above the maximum hardness of Si3N4,
most probably because the deposition temperatures were only 50 °C or
less, at which the individual layers were not at their hardness maxima.
Both the individual layer hardness and their role on the multilayer
hardness will be discussed in detail below.
We report here on themechanical andphysicochemical properties of
CrN/Si3N4multilayered coatings in theΛ interval of 2 to 10nm, produced
by depositing the thin ﬁlm multilayer systems at temperatures higher
than in previous works, aiming at investigating the effect of this key
deposition parameter on those properties.
2. Experimental
Si3N4 and CrN were deposited by radio frequency (RF) and direct
current (DC) reactivemagnetron sputtering from pure Si and Cr targets,
using an Ar–N2 gas mixture, on two different substrates, namely
single-crystalline silicon (001) wafers and commercial carbon foils
from Carbono Lorena Ltd. (99,8% of purity). The substrate temperature
was 300°C for all samples. Prior to deposition, substrates were cleaned
by ultrasonic acetone bath and immediately loaded in the sputtering
vacuum chamber. The base pressure in the sputtering deposition
chamber was 4×10−5 Pa and the total gas pressure during deposition
was 0.4 Pa, the gas mixture ﬂowing at 6 sccm, with N2 ﬂowing at
3.3 sccm and Ar at 2.7 sccm. The power densities were 2.5 W cm−2
applied to the Cr target and 7.5W cm−2 applied to the Si target.
To build up the multilayers we deposited the ﬁlms with a turning
system, such that the sample stayed in front of each target, in a stop-
and-go mode. The residence time of the sample in front of each target
was calculated from the deposition rate of each ﬁlm, as determined by
Rutherford backscattering spectrometry (RBS) analyses. A thickness
ratio equal to unity was aimed for all the deposited multilayers, the
total thickness of themultilayers was aimed at 350nm, and the number
of bilayers was adjusted accordingly. For each bilayer period, a total
of twenty samples were prepared.
Samples deposited on C substrates were used for RBS analyses.
Depositions on Si (001) substrates were used for nanoindentation,
glancing angle X-ray diffraction (GAXRD), X-ray reﬂectometry (XRR),
glow discharge optical emission spectroscopy (GD-OES), and X-ray
photoelectron spectroscopy (XPS).
The elementary composition of the ﬁlms was determined by RBS
of He+ ions incident at 2MeV, backscattering detection angle of 165°,
bearing a sensitivity of 1014 atoms cm−2 (about 1/10 of a monolayer)
with 10% accuracy [31]. For the calculation of the elementary com-
positions of Si3N4 andCrN individual layer thinﬁlm samples, the relative
heights of the Si and N or Cr and N experimental signal plateau were
used. For the calculation of the deposition rates and total thicknesses
of the individual layers, and of multilayers the areal densities of the
Si or Cr signals were determined, calibrated against a Bi implanted
Si standard. The real densities of the ﬁlms and the stopping power
of 2 MeV He+ ions in the corresponding materials were also entries
of the RBS spectra simulations. The deposition rates were calculated
from the thickness×deposition time plots shown in the insets of Fig. 2,giving 0.12nms−1 for Si3N4 and0.26nms−1 for CrN. The totalmultilayer
thicknesses were in the range of 330 and 360nm.
Glancing angle X-ray diffraction (GAXRD) analyses were performed
using a Shimadzu XRD-6000 apparatus, with Cu Kα radiation (λ =
1.5418 Å) at an incidence angle of 2°, in order to determine the crys-
talline structure of the ﬁlms. The same apparatus was used for X-ray
reﬂectometry (XRR).
The real ﬁlm densities and the roughness were determined by
XRR using Cu Kα radiation and scanning in 0.02° steps. XRR data were
simulated using the Parratt formalism for reﬂectivity [32]. The real
densities obtained from XRR analyses were also used to correct the
calculus of thickness of the deposited ﬁlms as determined by RBS.
The hardness and reduced elastic modulus were accessed by the
nanoindentation technique using amodel 600Micromaterials Nanotest
with a Berkovich diamond indenter, at a load rate of 0.01mN s−1 and
indentation depth of 50 nm. One can stress that our substrate is hard,
stiff and thick enough to guarantee an error lower than 5% which is
included in the standard deviation of the hardness measurements
[33]. Each data point represents an average over 10 indents in different
points of two different samples for each multilayer structure.
Glow discharge optical emission spectroscopy (GD-OES) analysis
was performed with a GD Proﬁler 2 spectrometer manufactured by
HORIBA Jobin Yvon with a RF source operating at 13.56 MHz. The
power used was 20W and the Ar gas pressure was 650 Pa. According
to previous work on the foundations and potentialities of GD-OES [34],
this technique is especially adequate for depth proﬁling analysis of
ultrathin ﬁlms, thinner than 10nm, providing depth resolution as good
as 1nm in many cases.
XPS was performed with an Omicron Multiprobe Sphera instrument,
using Mg Kα radiation (1253.6 eV) at a take-off angle of 60° in order
to evaluate the Si and Cr chemical environments. The spectra were
simulatedusing theXPS Peak 4.1 software, inwhich a Shirley background
was subtracted from the spectra in order to perform curve ﬁtting. The
shape of the peaks used for the de-convolutionwasGaussian–Lorentzian.
Samples were cleaned only by ultrasonic bath in acetone before XPS
analysis, without any kind of sputtering cleaning procedure or sputtering
for depth proﬁling.
The multilayers were observed via cross-sectional transmission
electron microscopy (TEM) analysis using a Jeol JEM 2010 microscope
operating at 200 kV. The samples were cut, glued and then thinned
using mechanical polishing and ion milling.
3. Results and discussion
The individual Si3N4 and CrN thin ﬁlm coatings deposited in the
conditions described in the previous section were characterized as
part of the present work. Thus, Si3N4 ﬁlms were stoichiometric and
amorphous, with hardness of 26GPa and Young modulus 162GPa. On
the other hand, CrN ﬁlms were stoichiometric and polycrystalline,
with hardness of 12GPa and Young modulus of 257GPa.
Fig. 1 shows typical XRR results for the multilayer with bilayer
period Λ=4nm and its simulation assuming the parameters indicated
in the ﬁgure. As one can see, the technique allowed determination
of various important properties of the multilayers. The density of the
CrN layers used for the simulation are comparable to those of CrN
ﬁlms in the literature, whereas the density of the Si3N4 layers used
here were signiﬁcantly larger than those determined for bulk [35] or
thin ﬁlm [36–39] Si3N4. The discrepancy in the latter may be merely
an effect of the large number of parameters involved in the simulation
of the XRR curve or a real physical effect of ﬁlm densiﬁcation due
to the high substrate temperature during deposition. The simulation
is rather sensitive to the level of abruptness of the interfaces, such
that the present XRR results pointed out indeed to substantially
abrupt interfaces. Their thicknesses were consistent within 20% with
those predicted by the deposition rates as determined by Rutherford
backscattering analysis. Therefore, the intended bilayer periods and
Fig. 1. X-ray reﬂectometry from a CrN/Si3N4 multilayer with period Λ=4nm. The points
represent the experimental results and the full line of the simulation. The various
multilayer characteristics used to simulate the experimental data are given in the ﬁgure.
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the combined XRR and RBS techniques. From RBS results we
calculated also, as explained in the Experimental section, that the
individual layers were stoichiometric. Typical RBS spectra for the
individual layers are given in Fig. 2. The roughness of the interfacesFig. 2. (a) Rutherford backscattering spectrum from a CrN ﬁlm deposited on carbon.
The energy position of the different elements present in the sample is indicated;
(b) Rutherford backscattering spectrum from a Si3N4 ﬁlm deposited on carbon. The insets
show the ﬁlm thickness × deposition rate curves.was essentially the same as that of the silicon substrate, a few
angstroms in this case.
Fig. 3 shows the XRD diffractograms for different bilayer periods of
CrN/Si3N4 multilayered ﬁlms. From previous work [20] we know that,
in the present deposition conditions, the Si3N4 ﬁlms are essentially
amorphous, which is conﬁrmed here. On the other hand, one notices
from Fig. 3 that the intensity of the peaks corresponding to CrN increase
with the increasing of Λ, most probably due to the increase of the size of
the CrN nanocrystallites.
Fig. 4 shows the chemical species proﬁles as determined by GD-OES
for Λ=4 nm. The depth resolution of the technique was determined
using adequate standards. It is somehow dependent on matrix and
other instrumental effects. In the present case it seems to be ap-
proximately 1 nm or maybe slightly more than that. Thus, within the
resolution of the technique the bilayer period and the abruptness
determined by XRRwere conﬁrmed. Carbonwas found near the surface
and at the ﬁlm/substrate interface, probably owing to the exposure
of the sample to air before and after deposition. On the other hand,
oxygen was found at the sample surface only, probably as a result of
the oxidation of the outermost CrN individual layer in air. Finally, the
nitrogen concentration was roughly uniform in the whole multilayer
structure. All other samples of the present work were analyzed by
GD-OES, conﬁrming the picture depicted above. The only exception
was theΛ=2nmmultilayer, forwhichwe could not resolve the proﬁles
of the individual layers, either because of depth resolution limitations
or because the multilayer structure is not well deﬁned at such small
bilayer period.
As a further evidence of the abruptness of the interfaces in the
multilayer structures deposited here, Fig. 5 shows cross section TEM
images of the Λ= 10 nm and Λ= 6 nm samples, where one can see
that the CrN–Si3N4 interfaces were indeed abrupt within one or two
atomic layers. A further feature evidenced by Fig. 5 is the complete
suppression of the usual columnar growth of the polycrystalline CrN
layers. As explained in the Introduction, the columnar grain boundaries
often act as sites for crack initiation resulting in failure of the coating.
Fig. 6 shows XPS results for the Λ= 4 nm sample, as obtained in
the conditions described in the Experimental section. Fig. 6a shows
the Si 2p photoelectrons region. Si is mainly found bonded to N as
Si3N4, although we cannot disregard some minor contribution from
other non-stoichiometric Si–N compound. Fig. 6b shows the Cr 2p
photoelectrons region, where we could observe Cr bonded as CrN and
some chromium oxides resulting from Cr oxidation in the near surface
region of the samples. The present XPS analyses served to show that
Si and Cr are only bonded within the corresponding Si3N4 and CrN
individual layers, whereas interlayer bonding was very improbable.Fig. 3. X-ray diffractograms from CrN/Si3N4 multilayers with the different bilayer periods
produced in the present work.
Fig. 5. Cross section transmission electron microscopy image from a) Λ = 10 nm and
b) Λ=6nm CrN/Si3N4 multilayers.
Fig. 4. GD-OES proﬁles of the different chemical species in the Λ = 4 nm CrN/Si3N4
multilayer: (a) Cr and Si and (b) C, O and N.
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periods Λ is shown in Fig. 7a for 50nm indentation depth. The hardness
increased with the increasing of Λ from 2 to 4nm, where it reached its
maximum value (H = 34.6 ± 1.27 GPa). The error bars are based on
the accuracy of the instrument as well as on the statistical error
resulting from the measurement conditions stated in the Experimental
section. For larger values of Λ the hardness decreased, although all the
observed values of H are substantially above that predicted by the rule
of mixtures. The hardness of the individual CrN (12 GPa) and Si3N4
(26GPa) layers are indicated by horizontal lines in Fig. 7a.
Fig. 7b shows the Young modulus (E) of the CrN/Si3N4 multilayer
versus the bilayer period. The values of Young moduli were obtained by
correcting the reduced elasticmoduli obtained from the nanoindentation
equipment. The Young modulus was calculated with a Poisson ratio of
0.22, which is the mean value of the Poisson ratio of the Si3N4 and CrN
ﬁlms [39,40]. These ﬁgures for the moduli are substantially higher
than those determined for the individual layers, namely 157 GPa for
Si3N4 and 262 GPa for CrN. The exception was the Λ=6 nm samples,
for which the modulus is comparable to that of CrN.
The reports existing in the literature [5,10,14] indicate that
superhardness was obtained for multi-layered coatings in which at
least one, and in several cases both of the individual layers were very
hard. The deposition of the present multilayers at a temperature
corresponding to hardness maxima of the individual layers is one
possible cause of the hardness to increase. This is especially important
for the CrN ﬁlm components, not only because of the higher hardness
but also due to more reﬁned grains [25,41]. Even if the hardness of theindividual, amorphous Si3N4 layers were only 10% larger than those
deposited at room temperature [20], the synergic effect of enhanced
density and hardness [42] of Si3N4 and enhanced hardness and grain
reﬁnement of CrN may lead to an overall harder multilayer coating.
We notice that deposition temperature is not the single deposition
parameter to inﬂuencemultilayer hardness. The sputter gas composition
and the Ar/N2 ﬂow ratio may also have a signiﬁcant effect [43], although
these factors were not explored here.
Other contributing effects for hardness enhancement are the barrier
for the propagation of dislocations at the crystalline/amorphous
interfaces [44,45] and the abruptness of the interfaces, which also favor
the deviations of the dislocations trajectories. However, neither of
them explains why there is such hardness enhancement for Λ=4 nm
and such large moduli variations for variable Λ. In fact, there is no
plausible explanation for that in the literature, although several authors
have developed models to justify it. We discuss some of these models
here.
Fig. 6. (a) Si 2p and (b) Cr 2pX-ray photoelectrons fromaCrN/Si3N4 theΛ=4nmmultilayer.
Themain contributions to the spectra, as obtained by simulations, are indicated in theﬁgures.
Fig. 7. (a) Hardness (H), (b) Young modulus (E), and (c) H3/E2 for the different CrN/Si3N4
bilayer periods (Λ) of the present work. The lines are only to guide the eyes. The hardness
of the individual Si3N4 and CrN layers are indicated in (a).
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variation with Λ, as well as the minimum for Λ=6nm, can be justiﬁed
[8,46] by the structural disorder due to the interfaces. It was proposed
that the increased degree of structural disorder as Λ gets smaller is
responsible for the observed increase in the elastic modulus anomalies.
The appearance of maxima in the moduli therefore seems to be
governed by two competing causes. One is the structural disorder
associated with the very presence of the interfaces, which enhances
the elastic anomalies. The other is that as the interfaces get closer to
each other, the volume fraction of highly disorder atoms decreases,
thus reducing the disorder itself. Calculations based on this approach
showed [16,47] that, as a result of these two competing effects,
variations in elastic moduli may be comparable to the ones observed
in the present work. Furthermore, the calculations point out to minima
in the moduli magnitudes for certain ranges of Λ values.
The hardness dependence on Λ has been described in terms of the
motion of dislocations across the multilayer interfaces. The hardness
variation with decreasing Λ has been approached quantitatively by
the effect on dislocation motion of decreasing composition modulation
amplitude and increasing contribution from a second interface [48],
as well as the effect of two or more abrupt interfaces [49]. In a
more comprehensive, quantitative description the strengthening and
hardening of nitride multilayers were calculated [50–52] taking into
account both dislocation glide across layers and within individual
layers. Dislocation glide across interfaces is calculated based on the
effect of layer modulus differences. The agreement obtained with
experimental results was very good and it was also consistent with
the results obtained here, especially if we recall the signiﬁcantdifference in modulus of the individual layers, namely 162 GPa for
Si3N4 and 257GPa for CrN. Very high values of hardness for certain Λ's
may occur when the shear stress for dislocation glide from a low
modulus layer to a high modulus layer is compensated by pinning
sites near the interfaces. In this situation, the distance between the
multilayer interfaces and coherence strain due to lattice mismatch
plays a decisive role. Thus, although rarely observed, the non-scaling
of hardness and Youngmodulus in the small Λ range is in fact plausible,
according to the above described models.
175T.P. Soares et al. / Surface & Coatings Technology 237 (2013) 170–175One can have an idea about theplastic behavior of the coatings based
on the determined H and E values. Indeed, there is a more or less well
accepted criterion [47,53,54] that proposes that a higher H3/E2 ratio
indicates a higher resistance of the coating to plastic deformation.
Fig. 7c shows the variation of the H3/E2 ratio with the bilayer period.
The H3/E2 maximum occurred for the CrN/Si3N4 multilayer with
Λ=6 nm. The values found in this work are in agreement with other
results for different multilayered coatings [55].
4. Conclusions
We obtained here an increase of approximately 40% in the hardness
of CrN/Si3N4multilayered coatings by using a deposition temperature of
300 °C. This is a substantial improvement when compared to other
similar systems in the literature, although it cannot yet be considered
ultra-hardness which would require a hardness signiﬁcantly above
40GPa. Besides, a corresponding increase in the resistance of the coating
to plastic deformation, as determined by the H3/E2 ratio criterion, was
also observed. Furthermore, the deposition conditions of the present
work led to stoichiometric individual layers, abrupt interfaces, and a
crystalline (CrN)-amorphous (Si3N4) multilayer structure.
The overall enhancement in hardness and elastic modulus observed
in the present work was associated with different possible causes,
including synergic effects of hardness of the constituent layers and
the grain reﬁnement of the crystalline CrN layers owing to the used
deposition temperature, avoiding ﬁssures, interface stresses, and other
causes of degradation of the coating structure. In addition, the
amorphous-crystalline interfaces constitute an excellent barrier for
the propagation of the dislocations.
The anomalously large magnitude of the moduli, the large variation
with the bilayer period, and the observed minimum are attributed to
structural disorder due to the interfaces. On theother hand, the hardness
dependence on the bilayer period has been described in terms of the
motion of dislocations across the multilayer interfaces, decreasing
composition modulation amplitude and increasing contribution from a
second interface, aswell as to the effect of two ormore abrupt interfaces.
The present results are consistentwith the strengthening and hardening
of nitride multilayers calculated in the literature taking into account
both dislocation glide across layers and within individual layers and
on the effect of layer modulus differences.
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